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Abstract
We here present, the ElasTool package, an automated toolkit for calculating the second-order elastic constants (SOECs) of any two-
(2D) and three-dimensional (3D) crystal systems. It can utilize three kinds of strain-matrix sets, the high-efficiency strain-matrix
sets (OHESS), the universal linear-independent coupling strains (ULICS) and the all-single-element strain-matrix sets (ASESS)
to calculate the SOECs automatically. In an automatic manner, ElasTool can deal with both zero- and high-temperature elastic
constants. The theoretical background and computational method of elastic constants, the package structure, the installation and run,
the input/output files, the controlling parameters, and two representative examples of ElasTool are described detailedly. ElasTool
is useful for either the exploration of materials’ elastic properties or high-throughput new materials design. ElasTool is also
available at our website: www.matdesign.cn.
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PROGRAM SUMMARY
Program Title: ElasTool
Licensing provisions: GNU General Public License, version 3
Programming language: Python 3
Computer: Any computer that can run Python (versions 3.5 and later).
Operating system: Any operating system that can run Python.
External routines: NumPy [1], Spglib [2], ASE [3], Pandas [4]
Nature of problem: The stress-strain method of elastic constants
calculation depends on more accurate stresses calculated by density
functional theory (DFT) compared to the strain-energy method. But
its advantage is that it needs a smaller number of strain sets to solve
the equation sets to deduce elastic constants and more straightforward
to implement. While the more accurate stresses take much more time
in DFT calculating. Thus, a smaller number of strain sets and more
efficient strain sets are urgently needed to improve the computational
efficiency of elastic constants. An automated solution coupled with
DFT is necessary for the exploration of materials’ elastic properties
and high-throughput new materials design.
Solution method: The solution to improving the computational
efficiency of the stress-strain method is to decrease the number of
strain-matrix sets and optimize the strain-matrix sets. We coupled
our previously proposed high-efficiency strain-matrix sets (OHESS)
with DFT and automated the processes of the calculation of the
elastic constants using the stress-strain method in the ElasTool
package. ElasTool can also adopt the all-single-element strain-matrix
sets (ASESS) and the universal linear-independent coupling strains
(ULICS). It can deal with both zero- and high-temperature elastic
constants of any crystal systems belonging to 2D or 3D. It can also
output other elastic moduli, the elastic anisotropy, Debye temperature,
the sound velocities, and elastic stability based on the calculated
elastic constants.
Additional comments: This package can use the stress tensors calcu-
lated by other DFT codes, such as the Vienna Ab initio Simulation
Package (VASP) [5, 6, 7].
∗E-mail address: zl.liu@163.com
Running time: The time used by the examples provided in the
distribution mainly spends on the DFT parallel running.
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1. Introduction
Elastic constants are fundamental parameters of materials,
which are crucial to many disciplines, including physics [1],
condensed matter, materials science (Ref. [2]), geophysics
[3], and chemical [4]. In new materials’ theoretical design
aided by crystal structure prediction [5, 6, 7, 8, 9, 10], elas-
tic constants are frequently used to check the stability of the
predicted structures, according to Born elastic stability criteria
[11, 12, 13, 14, 15, 16]. More interestingly, for the informatics-
based new materials screening and design, elastic constants
are important properties and have been extensively calculated
and collected in some materials database, such as the Materials
Project (MP) [17] and JARVIS-DFT [18] databases.
The high-accuracy state of the art density functional theory
(DFT) [19, 20] is capable of calculating elastic constants ac-
curately. For the calculation method, generally, there are two
ways to calculate elastic constants, the energy-strain method
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and the stress-strain method (Refs. [21, 22, 23] and refer-
ences therein). Compared to the former, the latter depends on
highly accurate stress tensors but a smaller number of strain
sets [22, 21]. The high-accuracy stress tensors calculation al-
ways needs higher energy cutoff and denser K-point meshes.
Although it is much more computationally expensive and time-
consuming, it is simple to implement and straightforward to
calculate the high-pressure elastic constants of materials with-
out pressure corrections, unlike the the strain-energy method
which needs complex pressure corrections [24].
Our previously proposed OHESS can keep the symmetry of
strained crystal to the most extent and largely lower compu-
tation time at the same level of accuracy [25]. This method
is integrated into the ElasTool package, which can calculate
the SOECs of any crystal systems belonging to 2D and 3D.
ElasTool can also uses the ULICS [16] to calculate elastic con-
stants. However, in the ULICS, the coupling of stress compo-
nents by including several strain components at the same time
will largely reduce the symmetry of the strained crystal. This
will greatly lengthen the computation time [25]. ElasTool has
also integrated the ASESS, in which only one strain component
is applied on crystal lattice in a certain strain-matrix set.
The rest of this paper is arranged as follows. The theoretical
background of elasticity is presented in the next section. The
descriptions of the package are detailed in Sec. 3. The input
and output files are described in Sec. 4. Input parameters are
explained in Sec. 5. The calculation examples are shown in
Sec. 6. Section 7 is a summary of this paper.
2. Theoretical background of elasticity
2.1. Elastic constants computation method
Within the linear elastic regime of a crystal, the relation be-
tween the stresses σi and corresponding strains ε j conforms to
Hooke’s law,
σi =
6∑
j=1
Ci jε j (1)
where the coefficient Ci j are the elastic stiffness constants of the
crystal.
If we deform a crystal by applying the strain ε j and calculate
the corresponding stresses, we can obtain its elastic constants
from Eq.1. The deformation matrix applied to the crystal unit
cell is
D = I + ε, (2)
where I is the 3×3 unit matrix, and ε is the strain-matrix notated
by Voigt method. In the 3D case, the strain matrix is
ε =
 ε1 ε6/2 ε5/2ε6/2 ε2 ε4/2
ε5/2 ε4/2 ε3
 . (3)
For the 2D layered crystal, ElasTool assumes the crystal
plane in the xy plane and the strain matrix is
ε =
 ε1 ε6/2 0ε6/2 ε2 00 0 0
 . (4)
After deformation, the crystal lattice vector is
A′ = A · D (5)
where A is the original crystal lattice vector.
The SOECs can be readily derived by fitting the first-order
function to the stress-strain data according to Eq.1.
2.2. Strain matrix sets
In order to extract all SOECs of a crystal belonging to a spe-
cific crystal system, we need deformation matrices defined by a
set of strain matrices to apply on the crystal lattice. We previ-
ously proposed the OHESS and finally improved the computa-
tional efficiency of elastic constants considerably, as reported in
Ref. [25]. ElasTool uses three kinds of strain-matrix sets, the
OHESS, the ASESS, and the ULICS to solve the stress-strain
equation sets to find the corresponding elastic constants numer-
ically. The ASESS is defined in Ref. [25]. As for the details
of the ULICS, the readers are referred to as Ref. [16]. Overall,
the OHESS has the highest efficiency among the three kinds of
strain-matrix sets, as has been tested in Ref. [25].
2.3. Elastic moduli
From the calculated elastic constants, we can derive other
elastic moduli easily. The Voigt and Reuss bulk and shear
moduli for different crystal systems are calculated according to
Ref. [11]. From the Voigt–Reuss–Hill approximations [26], the
arithmetic average of Voigt and Reuss bounds is written as
BVRH =
BV + BR
2
, (6)
and
GVRH =
GV + GR
2
, (7)
respectively.
Young’s modulus E is obtained by
E =
9BG
3B + G
, (8)
and Poisson’s ratio is
ν =
3B − 2G
2(3B + G)
. (9)
The elastic anisotropy is a crucial measurement of anisotropy of
chemical bonding. The Chung-Buessem anisotropy index [27]
is defined as
AC =
GV −GR
GV + GR
(10)
The universal elastic anisotropy index proposed by Ran-
ganathan and Ostoja-Starzewski [28] is
AU = 5
GV
GR
− BV
CR
− 6 > 0 (11)
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2.4. Sound velocity
The phase velocity v and polarization of the three waves
along a fixed propagation direction defined by the unit vector
ni are given by Cristoffel equation
(Ci jkln jnk − ρv2δi j)ui = 0 (12)
where Ci jkl is the fourth-rank tensor description of the elastic
constants, n is the propagation direction, and u the polarization
vector.
The longitudinal wave velocity is defined by
vP =
√
B + 4G/3
ρ
, (13)
and the body wave velocity is
vB =
√
B
ρ
. (14)
The shear wave velocity is written as
vS =
√
G
ρ
. (15)
From vS and vP, we can average wave velocity via
vm =
13
 2
v3S
+
1
v3P
−1/3 . (16)
From elastic constant data we can calculate the Debye temper-
ature from the average sound velocity vm via
ΘD =
h
k
[
3n
4pi
(NAρ
M
)]1/3
vm (17)
where h is Planck’s constant, k the Boltzmann’s constant, NA
the Avogadro’s number, n the number of atoms in the unit cell,
M the weight of the unit cell, and ρ the density.
3. Description of the package
3.1. The flowchart of ElasTool
The flowchart of ElasTool package is illustrated in Fig.1.
First, ElasTool reads the crystal structure file in either
POSCAR or cif format, and calls VASP [29, 30] to optimize
the initial structure at fixed pressure or volume specified in
the INCARs file. For the optimized crystal lattice, ElasTool
then applies different types of deformation matrices according
to its symmetry and optimizes all atoms’ positions. Then, all
the stress tensors corresponding to each deformation matrix are
calculated and collected. Subsequently, ElasTool fits the first-
order function to the collected stress-strain data to deduce the
full elastic constants. The elastic moduli are calculated accord-
ing to Eqs. 6-9. The Debye temperature is calculated from Eq.
17. The sound velocity is calculated from Eq. 13-16. The elas-
tic anisotropy is analyzed by Eqs. 10 and 11. The mechanical
stability of this crystal structure is analyzed according to Born
stability criteria proposed in Refs. [11, 12]. Finally, ElasTool
stores all the data calculated to the elastool.out file and ex-
its.
3.2. Installation requirements
ElasTool is based on Python and its installation is very easy.
But before the installation of ElasTool, the necessary libraries
should be installed first. The following packages are required:
• Python3.5 or later.
• NumPy.
• Spglib.
• ASE.
• Pandas.
• VASP.
Python 3 is the basic language environment for ElasTool
running. Numpy is for numerical calculations. Spglib is for
the automatic determination of symmetry of crystal structure.
ASE is used to manipulate the crystal structures. Pandas is for
the statistics of stress tensors calculated. At present, ElasTool
interfaces to VASP package for calculating the accurate stresses
of strained crystal. But the interfaces to other DFT packages
can also be easily implemented.
3.3. Installation
In the Python 3 environment, the necessary libraries can
be installed via pip command, e.g., pip install numpy.
For the construction of the environment and libraries, the
miniconda3 management platform of Python packages is
highly recommended. After installing miniconda3, the ba-
sic Python 3 language environment is constructed and the other
libraries can be installed via either conda or pip commands.
For example, one can install numpy via conda install -c
conda-forge numpy.
3.4. Run
To run ElasTool, one only needs to execute elastool in the
working directory. ElasTool will automatically prepare neces-
sary files for calculating the stresses of crystal under deforma-
tion, and then call VASP to optimize initial crystal structure and
calculate the stresses for each deformation defined by OHESS,
ASESS, or ULICS. Finally, ElasTool analyzes the stress-strain
relationship according to Hooke’s law and calculates all the
elastic constants.
4. Input/output files
4.1. Input files
ElasTool needs one main input file for setting the calcula-
tion details of elastic constants. The main input file is named
elatool.in. The crystal structure file is provided either in
POSCAR or cif format for reading in the structure informa-
tion of the crystal. For VASP stress tensor calculations, IN-
CARs, KPOINTS-static, KPOINTS-dynamic, and POTCAR-
XX files are also necessary. In the INCARs file, several IN-
CAR files of VASP are collected for optimization, the static
calculation, and the molecular dynamics simulations of high-
temperature elastic constants. The KPOINTS-static file is for
the structure optimization and the static calculation of stress
tensors. The KPOINTS-dynamic file is for the calculation of
high-temperature elastic constants using molecular dynamics.
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Figure 1: The flowchart of ElasTool
XX in the POTCAR file name is the abbreviated name for an
element of the crystal.
5. Input parameters
There are totally 10 controlling parameters of ElasTool, as
listed in Table.1. The run mode sets the running mode for
ElasTool, 1 for automatic run, 2 for pre-processing, and 3 for
post-processing. If run mode = 2 or 3, one should ensure
the structure has already been optimized at fixed pressure or
volume, i.e. both the CONTCAR and OUTCAR files are in
./OPT directory. In running mode 2, ElasTool will directly
prepare all the necessary files for calculating stress tensors. Af-
ter all the stress tensors calculations are finished, run mode 3
can analyze the output files and extract stress tensors, and then
fit the first-order function to the stress-tensor data to obtain
elastic constants. The dimensional defines the dimensional
of the system, 2D or 3D. If the system is 2D, ElasTool sup-
poses the layered sheet in the xy-plane. The structure file
specifies the original crystal structure file in POSCAR (.vasp)
or cif (.cif) format. The if conventional cell determines
the usage of primitive cell (no) or conventional cell (yes).
The method stress statistics chooses the elastic con-
stants calculation method, static or dynamic, static for 0 K
elastic constants, dynamic for high-temperature. The static
method uses the static stress to compute elastic constants,
while the dynamic method deduces elastic constants from the
thermal stresses obtained by molecular dynamics simulations.
The strains matrix defines the type of strain-matrix set,
OHESS, ASESS, or ULICS. The strains list gives one or
more strains for calculating stresses via the strain-matrix set of
OHESS, ASESS, or ULICS. The repeat num controls how
to build a supercell from the primitive or conventional cell
defined by if conventional cell for the dynamic method.
The num last samples is the number of last MD steps to av-
erage thermal stresses. The parallel submit command is the
parallel submitting command of ab initio code, e.g. VASP.
6. Example of run
The best way to learn ElasTool is to start from the examples.
ElasTool can calculate zero-temperature and high-temperature
elastic constants. The zero-temperature calculations can be
conducted by static stress computation. The high-temperature
elastic constants can be derived by molecular dynamics simula-
tions.
6.1. Zero-temperature elastic constants
We take the 0 K elastic constants calculation of diamond as
the static example. The content of the input file elastool.in
is as follows.
run mode = 1
dimensional = 3D
structure file = diamond.cif
if conventional cell = no
method stress statistics = static
strains matrix = ohess
strains list = -0.06 -0.03 0.03 0.06
#repeat num = 1 1 1
#num last samples = 1
parallel submit command = mpirun -np 28 vasp544
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Table 1: The controlling parameters and possible values of ElasTool
Parameters Values
run mode 1/2/3
dimensional 2D/3D
structure file file name ended with .vasp or .cif
if conventional cell yes/no
method stress statistics static/dynamic
strains matrix ohess/asess/ulics
strains list one or more numbers
repeat num 3 integers
num last samples 1 integer
parallel submit command DFT parallel run command
6.2. High-temperature elastic constants
The high-temperature elastic constants calculation of metal
copper is the high-temperature example. We build a 3 × 3 × 3
supercell from the conventional cell of face-centered-cubic of
Cu and then perform long-time MD simulations defined in the
INCAR-dynamic file. Because MD is very time consuming,
there is only one strain of -0.06 is used. The last 500 MD steps
are used to average thermal stresses.
run mode = 1
dimensional = 3D
structure file = CONTCAR.vasp
if conventional cell = yes
method stress statistics = dynamic
strains matrix = ohess
strains list = -0.06
repeat num = 3 3 3
num last samples = 500
parallel submit command = mpirun -np 28 vasp544
6.3. Output files
The elastool.out file is the unique output file of Elas-
Tool. It includes the calculated elastic constants data, the elas-
tic moduli, the sound velocity, the Debye temperature, the elas-
tic anisotropy, and the stability analysis results of the crystal
structure based on Born elastic criteria. The printed informa-
tion on the screen of the diamond example is as follows.
Reading controlling parameters from elastool.in...
Calculating stresses using the OHESS strain
matrices...
strain = -0.060
strain = -0.030
strain = 0.030
strain = 0.060
Fitting the first-order function to the collected
stress-strain data according to Hooke’s law...
The finnal results are as follows:
+==========================================+
|This is a 3D Cubic lattice. |
|-------------------------------------------|
|Mean Pressure = -0.08 GPa |
|-------------------------------------------|
|Elastic constants: |
|C11 = 1055.04 GPa |
|C12 = 136.56 GPa |
|C44 = 567.76 GPa |
|-------------------------------------------|
|Elastic moduli: |
|B V = 442.72 GPa |
|B R = 442.72 GPa |
|G V = 524.36 GPa |
|G R = 518.73 GPa |
|B VRH = 442.72 GPa |
|G VRH = 521.54 GPa |
|Young’s modulus (E) = 1123.47 GPa |
|Possion’s ratio (V) = 0.0771 |
|-------------------------------------------|
|Sound velocity: |
|V S = 12.20 Km/s |
|V B = 11.24 Km/s |
|V P = 18.03 Km/s |
|V M = 13.31 Km/s |
|-------------------------------------------|
|Debye temperature: |
|T D = 1761.03 K |
|-------------------------------------------|
|Elastic anisotropy: |
|A U = 0.0542 |
|A C = 0.0054 |
|-------------------------------------------|
|Structure stability analysis... |
|This structure is mechanically STABLE. |
+==========================================+
Results are also saved in the elastool.out file.
Well done! GOOD LUCK!
7. Conclusions
In summary, we here introduced the automatic calculation
toolkit of second-order elastic constants, ElasTool. First, we
recalled the theoretical background and computation method
of elastic constants, elastic moduli, sound velocity, elastic
anisotropy, and Debye temperature. Then, we described the
structure of ElasTool package and its installation. Subse-
quently, we detailed the necessary input files and the controlling
parameters of ElasTool. Finally, the calculation examples of 0
K and high-temperature elastic constants are illustrated in de-
tail. The running output of ElasTool is also presented. Overall,
we developed a useful toolkit for calculating elastic constants,
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as is of great significance for either the exploration of materials’
elasticity or high-throughput new materials design.
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